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I. INTRODUCTION
Light-harvesting complex II (LHCII) is the most abundant pigment-protein complex on the earth and the main antenna complex in photosystem II (PSII) of plants and green algae 1 . It contains more than 50% of the chlorophyll (chl) molecules present in the chloroplast. The function of LHCII is twofold; firstly, under sufficiently low light intensities it absorbs sunlight and transfers the electronic excited states to the charge-separating reaction centre. Secondly, under high light intensities, it plays a photoprotective role during which excess absorbed photoenergy is dissipated in the form of heat, a process generally known as non-photochemical quenching (NPQ) of chlorophyll fluorescence. The rapidly reversible, energy-dependent component of NPQ is thought of to be regulated primarily via photophysical, energy transfer and conformational changes within the LHCII complex [2] [3] [4] .
Single molecule spectroscopy (SMS) provides a unique perspective on these changes by providing access to spectroscopic information of individual complexes that would otherwise be averaged out in ensemble measurements. For example, SMS has revealed strong intensity and spectral fluctuations of various pigment-protein complexes upon continuous light illumination [5] [6] [7] [8] [9] [10] .
Despite the extensive studies, the mechanisms underlying NPQ have not been fully resolved and are still a topic of intense debate. One major challenge that limits the amount of information that can be retrieved from the individual quenched complexes in the context of NPQ is weak emission.
Undoubtedly, an improvement in the emission brightness will help to unravel the spectroscopic properties of these complexes at the single molecule level.
Crystallography has revealed that LHCII occurs in a trimeric form, where each monomer contains eight chls a, six chls b and four carotenoids (two luteins, one neoxanthin, and one violaxanthin or zeaxanthin) 11 .
The pigment confinement in LHCII is such that strong excitonic coupling amongst the pigments occurs, which leads to the high efficiency of excitation energy transfer and rapid energy equilibration within the complex 12 . Because of its high energy transfer efficiency and nanoscale dimensions, LHCII has recently been used as a building block in bio-inspired organic solar cells 13, 14 and bio-photosensitizers 15, 16 .
However, a significant limitation of LHCII in these applications is the relatively small portion (less than 1%) of solar energy that can be absorbed by a single protein monolayer. Moreover, the intrinsic fluorescence quantum yield (QY) of LHCII in aqueous solution (~0.26) 17, 18 is relatively low compared to that of the common fluorophores.
Plasmon-induced changes in the optical properties of pigments have attracted much attention in various research areas such as biosensing, 19, 20 high-resolution microscopy, 21, 22 photosynthesis, [23] [24] [25] and photovoltaics 26, 27 . This diversity of applications is due to the ability of metallic nanoparticles (NPs) to modify the optical properties of pigments in close proximity. For example, metallic NPs can lead to large plasmonic fluorescence enhancements (PFEs) of low quantum efficiency (i.e., poorly emissive) pigments [28] [29] [30] [31] [32] . Significantly enhanced fluorescence upon coupling of pigments with metallic NPs arises from two factors. On the one hand, amplification of the local electric field induced by the localized surface plasmon resonance (LSPR) of metallic NPs results in significantly enhanced excitation rate of the pigments. On the other hand, the presence of metallic NPs manipulates the local density of optical states of the nearby pigments, thereby enhancing the radiative rates (the Purcell effect), which in turn leads to a change in the fluorescence lifetime and QY of the pigments 20, 33 . In general, PFE depends on several factors, including nanoparticle shape, size, position and orientation of the pigment with respect to a metallic nanoparticle. Moreover, PFE strongly depends on the spectral overlap between the localized surface plasmon resonance band of the nanoparticle and the pigment absorption/emission bands 34 .
In recent years, plasmonic interactions of the photosynthetic peridinin-chl-a protein (PCP) and purple bacterial light-harvesting complex 2 (LH2) with metallic nanostructures such as silver island films, gold and silver nanospheres, and gold nanorods have been explored 25, [35] [36] [37] . Van Hulst and co-workers have demonstrated PFE of up to 523-fold, accompanied with a 10-fold increment in photostability of single LH2 complexes randomly coupled to lithographically patterned gold nanoantennas 25 . In another approach by Kaminska et al., single PCP monomers were coupled to self-assembled DNA origami-based gold spherical dimers of 100 nm diameter, and PFEs of slightly over 500-fold were similarly reported 35 . These works have demonstrated the ability of metallic NPs in drastically manipulating the optical properties of single photosynthetic lightharvesting complexes. However, the utilized methods involved sophisticated and expensive fabrication processes. There is a need to develop simple, scalable, inexpensive yet effective methods to construct similar biological-metallic hybrid antenna systems. Moreover, plasmonic interactions with plant complexes have so far not been reported.
Herein, we present a study on the fluorescence dynamics of individual LHCII complexes coupled to gold nanorods (AuNRs) using SMS at room temperature. The samples were excited at a wavelength of 646 nm within the longitudinal plasmon band of AuNRs but below the fluorescence band of LHCII. For each measurement, we simultaneously recorded the emission spectrum, brightness and fluorescence lifetime. This approach allowed us to correlate changes in all three measured variables. Notably, the results reveal a maximum of ~240-fold PFE in the brightness of individual LHCII complexes accompanied by lifetime shortening (down to ~32 ps, at the temporal resolution limit of the experimental setup). It should be noted that strong spectral overlap facilitates efficient coupling of the plasmons in the AuNRs with the photosynthetic complexes in the hybrid system.
II. RESULTS AND DISCUSSION
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For control purposes, the emission properties of immobilized AuNRs were characterized first. The
AuNRs were excited at 646 nm with an excitation intensity of 258 W/cm 2 . A typical 144 µm 2 fluorescence image of the isolated AuNRs on a glass substrate is shown in Fig. 2a . The density of the nanorods was 15 -25 AuNRs/144 µm 2 . Fig. 2b shows the emission spectra of three selected individual AuNRs. The spectral peak position of the individual AuNR s changes from one nanorod to the other. This heterogeneity in the peak positions can be attributed to two factors: the distributions in the aspect ratio ( Next, the optical properties of individual LHCII and LHCII coupled to AuNRs (LHCII@AuNRs) were examined, after excitation at 646 nm with intensities of 70.8 W/cm 2 and 17.7 W/cm 2 , respectively. The excitation intensity of LHCII@AuNRs was reduced to slow down photobleaching of LHCII that would otherwise occur rapidly due to the strong near-field produced by the nanorods. The concentration of LHCII in both samples was determined empirically to achieve on average, 7 -10 complexes per 100 µm 2 . Fig.   3a depicts an exemplar fluorescence brightness image of isolated, immobilized LHCII complexes. The image features randomly distributed spots of similar size. For each spot, a brightness-time trace was measured and a representative trace is displayed in Fig. 3c . The brightness counts were integrated into bins of 10 ms and resolved using an intensity change-point algorithm 40 . A complex near the hot spot of a nanorod exhibits a bright fluorescence spot due to its interaction with the dipolar plasmon mode, as shown in Fig. 3b by the spot encircled in green. The corresponding fluorescence transient in Fig. 3d indicates a PFE of about 12-fold compared to one of the unenhanced complexes (brown encircled dim spot in Fig.   3b ). Additional traces of single LHCII and LHCII@AuNRs complexes are shown in Fig. S1 . All measured complexes showed blinking or single-step photobleaching dynamics that occurred considerably faster than the 10-ms bin times in Figs. 2b-c and S1. This behav ior gave evidence that the observed intensity profiles originated from single complexes with well-connected pigments 30, 41 . To observe the spectral signature as a result of the plasmonic coupling of LHCII complexes near AuNRs, we recorded a series of consecutive emission spectra with an integration time of one second each. ∞ /( + ), where is the saturation intensity, is the excitation intensity and ∞ is the maximum achievable fluorescence brightness during the ON state. In LHCII, intersystem crossing has a yield of about 30 -40% 18, 44 . An excitation in the chl triplet state is rapidly transferred to the triplet state of a nearby carotenoid that has a relatively long lifetime of several microseconds 45 . Under intense illumination, the resulting excited triplet carotenoid plays a photoprotective role by quenching the chl singlet excited states via singlet-triplet annihilation 46 . This mechanism is excitation intensity dependent, hence limiting the maximum attainable fluorescence brightness at high excitation photon density (Fig. 4a) . Plasmonic coupling can reduce the amount of singlet-triplet annihilation in the following ways: shortening of the fluorescence lifetime, so that the excited triplet yield is reduced, enhancement of the fluorescence brightness at reduced excitation intensity, and a reduction in the excitation volume (i.e., forming so-called "hot spots") to increase the overall emission collection efficiency.
To assess the PFE of individual LHCII, the fluorescence brightness corresponding to the unquenched (or ON) state of the complexes in the two environments was compared, as shown in Fig. 4b . The brightness of 130 individually measured unquenched LHCII complexes followed a Gaussian distribution with a mean value of 19.8 ± 0.1 counts/10 ms. Upon coupling of individual LHCII complexes to nanorods, their brightness was strongly enhanced. A significant variation in the relative brightness of LHCII@AuNRs of up to 1200 counts/10 ms can be observed. This variation is attributed to different aspect ratios of the AuNRs and differing spectral overlap and coupling distance between the AuNRs and isolated LHCII complexes as well as the orientation of LHCII within the region of hot spot. Chemical synthesis of AuNRs results in a distribution in the aspect ratio of the AuNRs (Fig. 1a) and a corresponding variation in plasmonic interactions. For all the hybrid nanostructures, the minimum total distance between a single LHCII and AuNR was roughly 4.8 nm. This is the sum of the CTAB bilayer on the AuNR surface (2.9 nm) and PSS layer (1.9 nm) 47 used to immobilize the AuNRs. Additionally, since the interaction between pigments and metallic nanoparticles is strongly distance dependent 48 , we can intuitively attribute the observed effects to the variation in coupling distance between the individual LHCII complexes and the hot spots near the tips of the AuNRs. The results shown in Fig. 4b were used to calculate the PFE factors due to the plasmonic coupling in (Fig. 1b) . Higher PFE of individual LH2 (~500) and PCP (~526) complexes coupled to lithographically patterned gold nanorods and DNA origami-based metallic nanoantennas, respectively, were previously reported 24, 34 .
However, it should be noted that the fluorescence QY of LH2 and PCP complexes are ~0.10 and ~0.11, respectively, which are <50% than that of LHCII. Therefore, the PFE factor reported here is in qualitative agreement with the previous reports. The advantage of our approach is that it doesn't require complicated and expensive fabrication processes to construct LHCII@AuNR nanostructures. In contrast, the LHCII@AuNRs hybrid sample presented remarkably shorter amplitude-averaged lifetimes down to ≤ 32 ps (Fig. 5a-b) , accompanied by strongly enhanced fluorescence brightness, a signature of plasmonic interaction of pigments with the metallic NPs, as indicated in the Supplementary
Equations. This observation can be explained by the fact that the strongest PFE is obtained at the shortest distance of the LHCII complex from the nearby AuNR near one of its tips where both the excitation and radiative rates are strongly enhanced. As the LHCII complex comes close to the AuNR, part of its emission is transferred to the nanoparticle through plasmonic resonance energy transfer, which results in quenching 49 , a feature accompanied by a reduction in both fluorescence lifetime and brightness. However, our selection criterion excluded from the subsequent analysis all complexes whose brightness was below the threshold (7.2 counts/10 ms). The large PFE factors indicate that most of the energy remains in the antenna complexes without being transferred to the nanorods or thermally dissipated via a strong increase in the nonradiative rate.
To gain more insight into the plasmonic coupling of LHCII with the nanorods, emission spectra of isolated individual LHCII and LHCII@AuNRs complexes were measured, and the spectral peak distributions are shown in Fig. 6a . Both distributions are centered around 680 nm, qualitatively consistent with the bulk fluorescence emission (Fig. 1b) . The variation in the peak position of individual LHCII complexes can be explained by static disorder, which changes the exciton composition in LHCII under steady-state conditions 50 . The broadening of the spectral distribution of LHCII@AuNRs is attributed to the plasmonic coupling of the nearby nanorod with the lowest exciton states of LHCII. The average spectral width (FWHM) of the complexes in both environments was 19.7 nm (Fig. 6c) , consistent with previous studies 50, 51 . These observations suggest that the vast majority of the measured complexes remained intact.
III. CONCLUSION
To summarize, we have studied the effects of plasmonic coupling of individual LHCII complexes with single gold nanorods. The hybrid nanostructures were constructed using a spin-assisted layer-by-layer 
IV. MATERIALS AND METHODS
Materials
Synthesis of AuNRs:
AuNRs were synthesized by seed-mediated protocol, as described elsewhere 52, 53 , with a few modifications. First, a seed solution was prepared by mixing 250 µL of 10 mM HAuCl4 with 9.75 mL of 100 mM CTAB followed by vigorous stirring. To the stirred solution, 600 µL of 10 mM icecold (~4 °C) NaBH4 was added. The solution was gently stirred until it turned yellow-brown and then left unperturbed in a water bath at 28 °C for at least two hours. Next, the growth solution was prepared by mixing 2 mL of 10 mM HAuCl4 with 40 mL of 100 mM CTAB. Then, 280 µL of 10 mM AgNO3 was The intrinsic quantum yield of a pigment in the absence of metallic NPs is given by 1 :
where and are the intrinsic radiative and non-radiative decay rates, respectively. The fluorescence lifetime is given by the inverse of the overall decay rate:
In the presence of metallic NPs, enhancement of the local field leads to changes in the radiative and nonradiative rates, and the quantum yield is given by
where is the modified radiative rate in the proximity of metallic NPs. The modification of the radiative rates leads to shortening of the fluorescence lifetime, which is:
